Homing pigeons (Columba livia) were trained to locate a goal in one corner of a rectangular arena by either its shape (geometry) or the left-right configuration of colored features located in each corner (feature structure). Control and hippocampal-lesioned pigeons learned at a similar rate, but the control birds made proportionally more geometric errors during acquisition. On conflict probe trials, the control birds preferred geometrically correct corners, whereas the hippocampal-lesioned birds displayed a greater preference for the correct corner defined by feature structure. On geometry-only probe trials, both groups demonstrated an ability to identify the goal location. Hippocampal lesions do not interfere with goal recognition by the feature structure of local cues but diminish the salience of arena shape.
Animals are able to locate a hidden goal by reference to the shape of their environment. This ability was first demonstrated by Cheng (1986) , who trained rats to find food that was consistently located in one corner of a rectangular enclosure that was also characterized by a local feature cue. Test trials revealed that rats searched predominantly in the two corners that were geometrically equivalent to the corner where food was originally hidden, essentially excluding information from the local feature cue in the representation of the goal location (other vertebrate groups more readily adopt local feature cues to disambiguate geometrically equivalent locations; see Vargas, Petruso, & Bingman, 2004 , for a summary). According to Cheng (1986 ; see also Gallistel, 1990) , this type of finding indicates that rats possess a geometric module that constructs a representation of the overall shape of the environment and is used to indicate where important goals are located.
As an alternative to navigating with reference to the global shape of their environment, rats may rely on more local geometric information (Esber, McGregor, Good, Hayward, & Pearce, 2005; McGregor, Jones, Good, & Pearce, in press; Pearce, Good, Jones, & McGregor, 2004; Tommasi & Poli, 2004) . To test this possibility, Pearce et al. (2004) trained rats to find a hidden goal in one corner of a rectangular arena. The arena was then transformed into the shape of a kite with a right-angled corner that had the same geometric properties-short wall to the left of a long wall-as the correct corner in the rectangle. The change to the shape of the arena should make it impossible for rats to find the correct corner in the kite if they initially navigated by reference to the overall shape of the rectangle, but if they referred to local geometric cues to find the platform in the rectangle, then the presence of the same cues in the kite would enable them to find the correct corner in the new environment. The results were consistent with this second prediction, which Pearce et al. (2004) regarded as evidence that rats can rely on local rather than global properties of the shape of their environment (see also Cheng & Gallistel, 2005; McGregor et al., in press ). Thus, rats can learn to look for food represented as a short wall to the left of a long wall, rather than orient with reference to the overall shape of the arena. In support of this suggestion is evidence showing that animals can appreciate spatial relationships of the sort A to the left of B as well as the angular relationship between specific landmarks and goals (Kamil & Cheng, 2001 ). For example, using what we shall refer to as a feature-structure discrimination, George, Ward-Robinson, and Pearce (2001) showed that rats are able to discriminate between one pattern in which a black rectangle was to the left of a white rectangle and another pattern in which a white rectangle was to the left of a black rectangle. Pearce, George, Haselgrove, Erichsen, and Good (2005) have shown that lesions to the hippocampal formation (HF) do not impair the ability of pigeons to solve feature-structure discriminations in a conditioning chamber, even though such damage disrupted the performance of the same birds on open-field spatial reference and working memory tasks. One implication of these findings, therefore, is that HF damage does not affect the ability of pigeons to discriminate on the basis of feature-structure relationships, such as A to the left of B, but impairs the ability of lesioned birds to navigate with respect to spatial cues that surround an experimental space. If animals navigate in a rectangular environment by looking for a corner where a wall of one length is to the left of a wall of another length, then it follows that this behavior would also be unaffected by HF damage. It is noteworthy, therefore, that Pearce et al. (2004; see also McGregor, Hayward, Pearce, & Good, 2004) have shown with rats, and that Vargas et al. (2004) have shown with pigeons, that HF lesions markedly impair the ability to find a goal by relying on the shape of the experimental environment. Before drawing conclusions from these findings, it is worth emphasizing that Pearce et al. (2005) studied featurestructure discriminations in conditioning chambers, which may provide very different spatial environments to the open-field arenas used by Pearce et al. (2004) and Vargas et al. (2004) . It is possible that if the experiment by Pearce et al. (2005) had been conducted in an open-field arena, then birds with hippocampal lesions may have failed to solve the feature-structure discrimination.
To explore this possibility, we trained a group of pigeons with HF lesions and a control group to find food hidden in one corner of a rectangular arena. A pair of green and pink cards was located in each corner. In three corners, the spatial relationship between the cards was the same, with pink to the left of green, whereas in the fourth corner-where food was located-the opposite arrangement was used. Thus, both the feature structure provided by the cards and the shape of the arena indicated where food could be found. However, the former provided more reliable information about its location than the latter because shape information indicated the location of two potential reward sites, whereas the cards indicated only the correct reward site. Generalizing from the findings of Pearce et al. (2005) , we expected the hippocampal group to be able to find food by referring to the pink and green cards, whereas the findings by Vargas et al. (2004) indicate that this group should find it difficult to locate food by reference to the shape of the arena. A series of test trials was conducted after acquisition training to test these predictions. A confirmation of these predictions would imply that the neural mechanisms that are responsible for the solution of feature-structure discriminations are not the same as those that are responsible for navigation reliant on the shape of an environment and, by implication, would support the notion that the hippocampus preferentially participates in the representation of global environmental shape (geometry) in the sense that Cheng (1986) described.
Method

Subjects
The subjects were 10 adult homing pigeons (Columba livia) of mixed sex housed individually with free access to water and grit. None of the pigeons had previous experience with any experimental procedure. Throughout the initial shaping and experimental training, pigeons were maintained at 80% of their free-feeding weights. All pigeons were maintained in a temperature-controlled (20 -22°C), light-proof room in which the lights were on for approximately 14 hr each day.
Surgery
Five pigeons were randomly chosen for the hippocampal lesion group. Of the remaining subjects, 3 were randomly chosen for sham surgery, which together with the remaining 2 pigeons comprised the control group. All surgical procedures were carried out in accordance with the Home Office regulations and the Animals (Scientific Procedures) Act of 1986. In all subjects undergoing surgery, anesthesia was first induced by inhalation of isoflurane (4%) and then maintained via intubation. Once subjects reached a sufficient depth of anesthesia (unresponsive to toe pinch), the ablation procedure was carried out. The lesion target coordinates were stereotaxically identified according to the atlas of Karten and Hodos (1967) . Bilateral aspiration lesions were targeted to the hippocampus and the adjacent parahippocampalis under visual guidance, and the bone flap was replaced with surgical wax before closure. Sham animals were given a craniotomy with no tissue removed. All pigeons undergoing surgery were placed in an incubator to recover from the anesthesia before being transferred to their holding cage. The pigeons were then allowed a 2-week postoperative recovery before undergoing behavioral training.
Apparatus
The experimental arena was constructed within a mobile frame that was 207 cm high, 204 cm long, and 100 cm wide (see Figure 1 ). Horizontal sheets of white laminated chipboard were placed in the top and the bottom of the frame, and four 38.2-cm-high chipboard walls were attached to the lower sheet to create the rectangular test arena. A curtain was suspended from the sides of the top sheet of chipboard and extended 15 cm below the top of the walls of the arena. The curtain prevented the pigeons from seeing any cues outside the arena. We placed the pigeons in the arena by raising the curtain at the midpoint of either a short or a long wall. The arena was illuminated by two 40-W incandescent bulbs that were situated 65 cm apart on the long axis of the top sheet of chipboard. The birds could be observed on an external TV monitor (Hatachi CPX-1402MB), which received input from a video camera (Electrofocus VPC9030) with the lens inserted through a hole in the center of the top sheet of chipboard. All experimental sessions were recorded with a video recorder (Panasonic NV-SV121EB).
For experimental training, pairs of adjacent colored cards (21.0 ϫ 29.7 cm each) were placed in each corner of the apparatus. Each pair comprised a pink and a green card, which were attached to different walls in a portrait (long axis vertical) orientation by a Velcro strip. There was a gap of 5 mm between the bottom of each card and the floor of the arena. Identical glass food bowls containing grit could be placed approximately 1 cm in front of each card pair. In three corners of the apparatus, the cards were in the same configuration with green on the right and pink on the left (facing the cards). In a fourth corner, the card configuration was reversed with green on the left and pink on the right. The card pair with the reversed configuration served as a local cue identifying the goal location (see Figure 1) .
Behavioral Training
Shaping. Subjects were first trained to dig into grit for buried food contained in two glass bowls. Both bowls were identical and placed approximately 20 cm apart in the middle of the long axis of the arena. Each subject had one 15-min session per day. No cards were present in the arena during this phase of training.
Acquisition. For the experimental training, all subjects were given one session of five trials a day, 5 days a week. The colored cards were now placed in the arena corners together with associated food bowls. At the start of each session, the arena was rotated into one of two randomly selected orientations, with respect to the room it was in, to ensure that birds relied on cues within the arena to identify where food was located. For 3 subjects in each group, the structurally distinct card configuration was placed in one of the corners where a short wall was to the left of a long wall (which of the two possible corners selected varied from trial to trial). For the remaining 2 subjects, the goal was located in the opposite pair of corners. Thus, geometric information from the arena could be used to identify two candidate goal locations, but only the card pair with the distinct configuration could be used to identify which of the two candidate geometric locations was correct.
For each trial, a pigeon was allowed to make bowl selections until finding the food or until 3 min had elapsed. A choice was recorded when a pigeon's beak touched the grit. If a subject found the correct bowl, it remained in the arena for a further 30 s before being removed. If subjects did not make any choices within the 3 min, the trial was repeated at the end of the session as many times as necessary until five trials were completed.
All subjects were returned to their holding cages after each trial was finished; intertrial intervals were variable but on the order of 10 min. For the first two acquisition sessions of most of the pigeons, the structurally distinct pair of cards was always placed in the same corner of the arena (switching the card between geometrically equivalent locations began after the first two acquisition sessions). Two HF-lesioned birds received only one session of this type, whereas 1 of the control pigeons received three sessions. Performance by these 3 birds during acquisition did not differ from the other pigeons. Following the first 2 days of acquisition training, the structurally distinct cards were shifted pseudorandomly between the two geometrically equivalent positions on two of the five trials in each session. The shifting was carried out to further ensure that environmental geometry and card configuration were the only relevant sources of information for finding the goal. Subjects from both groups were given one session a day, except for 1 control pigeon and 1 HF-lesioned pigeon that were given one morning and one afternoon training session per day (their performance did not differ from the other pigeons).
A trial was scored correct when a subject selected the correct bowl in the corner of the arena where the structurally distinct pair of cards was positioned. Training progressed until subjects met a criterion of 80% (chance was at 25%) correct first choices across three consecutive sessions (12 out of 15 successive trials). Training was terminated after 16 sessions. The 1 control bird that failed to meet criterion was performing well above chance when training was terminated, and this bird was subjected to the same regime of test trials as the other pigeons.
Conflict and geometry-only tests. After acquisition training, the pigeons were subjected to two types of test trial designed to identify the cues that controlled their behavior. For the conflict test, the structurally distinct cards were placed in one of the two corners that had not contained food during acquisition training. For example, if the structurally distinct cards were originally in the top-left and bottom-right corners of the arena, they were placed in either top-right or bottom-left corners for the conflict test. Thus, in this test, information from the structurally distinct cards and environmental geometry was set in conflict. For the geometry-only test, the nonreinforced arrangement of cards was used in all four corners. This test was intended to reveal the degree to which the shape of the arena could control goal recognition.
Each test session was identical to an acquisition session but with an additional, nonreinforced, test trial. This test trial was given on either Trial 3, 4, or 5 (selected pseudorandomly) of the six trial sessions, and the same type of test trial never occurred on more than two consecutive sessions. The 2 subjects that received two sessions a day during acquisition training also received two sessions a day during testing (one in the morning, one in the afternoon). All subjects were allowed to make two choices before being removed from the apparatus. As during acquisition, if a subject did not make any choice within the 3 min allowed for each trial, the trial was repeated at the end of the session as many times as necessary until a response was recorded within the 3-min period. There were eight sessions during this stage of the experiment.
Odor control test. To determine whether olfactory cues provided by the baited goal location were used to solve the discrimination, we subjected all birds to a test session of five trials after completion of either acquisition training or testing. This session was identical to an acquisition session except that none of the bowls contained food, and pigeons were allowed to make just one choice.
Lesion Reconstruction
At the end of behavioral testing, all lesioned subjects were killed to determine the extent of HF and neighboring brain damage. The birds were deeply anesthetized with an overdose of urethane (5 ml/kg) and perfused intracardially with formalin. Once extracted, the brains were cut coronally at 50 microns with a freezing sliding microtome. The sections were stained, and with the aid of a macroprojector, the lesions were reconstructed on standard coronal sections derived from the atlas of Karten and Hodos (1967) .
Results
Behavior
Acquisition. With the exception of 1 control bird (P2, which was performing at about 75% correct when training was terminated and was assigned a sessions-to-criterion score of 19), all pigeons learned to identify the goal location by using the structurally distinct card pair by the 16th training session. No group difference was found in the number of sessions to criterion, t(8) ϭ 0.80, p Ͼ .4 (see Figure 2A ).
There were indications that the two groups differed in the way they mastered the task. During acquisition, errors could be classified into choices to the geometrically correct corner with the nonreinforced pattern or to the two geometrically incorrect locations. An examination of the distribution of errors made to these locations revealed that as a group, the control pigeons were sig-nificantly more likely to make errors to the geometrically correct location than were the HF-lesioned birds, 2 (1, N ϭ 238) ϭ 6.79, p Ͻ .01 (see Figure 2B) . Individually (not shown in Figure 2 ), the control birds also displayed a higher percentage of error scores (67.8%; SE ϭ 6.2) to the geometrically equivalent corner compared with HF-lesioned pigeons (46.4%; SE ϭ 5.5), t(8) ϭ 2.58, p Ͻ .05.
Conflict test. For this test, three responses could potentially be regarded as correct. Geometrically correct choices would be to either of the two corners with the geometric properties of where food was located during acquisition. Feature-structure correct choices would be to one of the remaining corners where the correct card arrangement was displayed. The control pigeons overwhelmingly chose a corner that would have been geometrically correct on the basis of their training experience (see Figure 3 ). There was a statistically significant difference in the number of geometrically correct choices (two corners were potentially correct) by the control pigeons compared with choices to the correct feature corner (overall 15 vs. 2); paired t test, t(4) ϭ 5.1, p Ͻ .01. By contrast, the HF-lesioned pigeons chose equally between the correct feature corner and the geometrically correct corners (overall 9 vs. 9; see Figure 3 ). Because there were two geometrically correct corners and only one feature corner, this choice pattern indicates a greater reliance on feature-structure information by the HF-lesioned birds. Without taking into account that there were two correct geometry locations, there was no statistically significant difference among the HF-lesioned birds in the distribution of their choices between the correct feature-and geometry-associated corners; paired t test, t(4) ϭ 0, p ϭ 1.
The difference between the control and HF-lesioned birds in their relative reliance on feature-structure and geometric information is best highlighted by the finding that the control group chose a geometrically correct corner more often than did the HF-lesioned pigeons and that the HF-lesioned subjects chose the correct pair of cards more often than did control pigeons, 2 (1, N ϭ 35) ϭ 5.93, p Ͻ .02.
Geometry-only test. This test was conducted in order to determine whether the HF-lesioned pigeons could make correct choices solely on the basis of geometric information. Both groups behaved similarly on this test, displaying an ability to choose correctly when only geometric information was available (see Figure 4) . During the 20 trials of this test, the number of occasions on which a geometrically correct corner was approached first was 15 for the lesioned birds and 16 for the control birds. A binomial test, using the results from the four test sessions, revealed that both groups on being released into the arena showed a significant preference ( ps Ͻ .05) for selecting first a bowl that was in a geometrically correct rather than an incorrect corner. A comparison of individual mean number of test trials during which subjects first chose a geometrically correct corner failed to reveal a significant difference between the groups, t(8) ϭ 0.30, p Ͼ .7.
Odor control test. This session was conducted in the manner of a normal acquisition session except that there was no food in any of the bowls. The control group made 18 of their 25 choices to the correct goal location, with another 5 choices directed to the geometrically equivalent location. The HF-lesioned group made 23 of their 25 choices to the correct location. Every pigeon made at least 4 of its 5 choices to the correct or geometrically equivalent corner. Odor cues coming from the food were, therefore, not used as a source of information to guide the goal location behavior of the pigeons during training. Figure 5 summarizes the brain damage sustained by the 5 HF-lesioned pigeons. The substantial damage to both the hippocampus and parahippocampus subdivisions of the HF was remarkably uniform across the 5 subjects, with sparing primarily limited to the most anterior portion of the hippocampus. In some birds, the lesions extended modestly into either the hyperpallium apicale (formerly hyperstriatum accessorium) or nidopallium (formerly neostriatum). 
Lesion Reconstruction
Discussion
The present results extend the findings from the study by Pearce et al. (2005) by showing that HF lesions do not impair the ability of pigeons to discriminate between different pairs of colored cards on the basis of the structural relationship between their components in an open-field arena. Originally, this lack of an impairment was demonstrated in a conditioning chamber, and it is now clear that a similar outcome can be found when the patterns are presented as cards on the walls of an open-field rectangular arena. These findings join a growing body of evidence that shows that hippocampal lesions do not affect the ability of pigeons to solve visual discriminations, even complex ones Broadbent, Gallagher, & Colombo, 1999; Gagliardo, Mazzotto, & Bingman, 1996; Gagliardo, Vallortigara, Nardi, & Bingman, 2005; Strasser & Bingman, 1999; White, Strasser, & Bingman, 2002) .
The error pattern during acquisition and the results from the conflict test demonstrate that pigeons with HF lesions relied more on feature structure and less on the geometric information provided by the shape of the arena than did the control group. A more dramatic HF-lesion effect in pigeons has been reported by Vargas et al. (2004; see also Tommasi, Gagliardo, Andrew, & Vallortigara, 2003 , for a similar HF-lesion effect in chicks). In the study by Vargas et al. (2004) , pigeons were trained to find food in a rectangular arena in which one of the short walls was entirely red. During a conflict test in which one of the long walls was red and the other three were white, control pigeons relied on geometric information to guide their search for food, whereas a group with HF lesions relied completely on the colored wall. In the present study, the hippocampal group showed a preference for the geometrically correct corners in the geometry-only test. In contrast, the equivalent group in the study by Vargas et al. (2004) failed to discriminate between the geometrically correct and incorrect corners when it received a similar test. Why was there a difference in apparent sensitivity to geometric information between the current results and the findings of Vargas et al. (2004) ?
It is well documented that the degree to which intact animals rely on geometric cues depends on the training procedure. For example, Kelly, Spetch, and Heth (1998) allowed pigeons to use both feature and geometric cues to locate a goal. It is interesting to note that when these cues were placed in conflict, the birds that had previously been trained in an environment where both features and geometry were relevant relied primarily on features, but birds previously trained in an environment with only geometric cues present were guided by both featural and geometric information. Gray, Bloomfield, Ferrey, Spetch, and Sturdy (2005) examined the relative importance placed by mountain chickadees (Parus sclateri) on feature and geometric cues. Birds were trained to find food in a rectangular room with a blue wall. When the food was located in a corner created by the blue wall, the birds did not use geometric information to guide their search behavior. On the other hand, when food was located in a corner that was far from the blue wall, they did make use of geometric information. It thus seems that birds will make use of geometric information for finding a goal in some circumstances but not others. Rather than eliminate the birds' ability to process geometric information, therefore, it is possible that following HF lesions, geometric information is less salient than information provided by other environmental cues. One implication of this conclusion is that if Vargas et al. (2004) had trained their pigeons in an arena with four white walls, then no difference between the groups might have been observed.
Another difference between the current study and that of Vargas et al. (2004) was the size of the arena. The arena of Vargas et al. (2004) was about 50% larger in area than the one used in the current study. Vallortigara and colleagues (Sovrano, Bisazza, & Vallortigara, 2005; Sovrano & Vallortigara, in press; Vallortigara, Feruglio, & Sovrano, 2005) , working with intact chicks and fish, have demonstrated that the salience of geometric relative to feature information is larger in smaller environments. On the basis of this finding, it is possible that the failure of HF-lesioned pigeons to navigate with reference to the shape of the arena in the study by Vargas et al. (2004) was not because they were insensitive to environmental geometry, but because they placed rather little importance on such information. Shifts in the hierarchical relationship between spatial and feature information following HF lesion (in this case, right HF lesion) has been described in a sun-compass learning task (Gagliardo et al., 2005) .
It is important to recall that the failure of the HF lesions to disrupt the use of the cue cards indicates that the hippocampus is not essential for processing feature-structure information of the sort pink to the left of green. Once recognizing that pigeons can appreciate this type of structural information, perhaps it should not be too surprising to discover that the HF-lesion group was able to discriminate between the geometrically correct and incorrect corners during the geometry-only test. It is quite possible that this group identified the correct corner on the basis of the featurestructure relationship between the walls that created it as envisioned by Pearce et al. (2004) : for example, short wall to the left of the long wall. There are other explanations for the performance of the HF-lesion group during the geometry-only test. As described above, it is logically possible that this group identified the correct corner by reference to the overall shape of the arena in the manner proposed by Cheng (1986) . However, the results of Vargas et al. (2004) , which support the claim (e.g., O'Keefe & Nadel, 1978) that hippocampal lesions make it difficult to construct global geometric representations, such as a cognitive map, indicate that this possibility should be treated with a measure of caution. Another possibility is that pigeons found the correct corner by approaching a wall of a certain length and then turning toward a particular end. Such a strategy would be just as effective as the other two for finding the goal, and on the basis of the present evidence, it is not possible to say which of the three was used (but see Pearce et al., 2004) .
In conclusion, the current study has shown that HF lesions do not interfere with goal recognition by feature-structure information in an open-field setting. By contrast, such lesions do diminish the importance of environmental geometry relative to feature cues. Additionally, the results from the current experiment emphasize a need for a more detailed understanding of how navigation by birds in a rectangular arena takes place and how the hippocampus is involved in this type of navigation.
